Systemic administration of lipid nanoparticle (LNP)-encapsulated messenger RNA (mRNA) leads predominantly to hepatic uptake and expression. Here, we conjugated nucleoside-modified mRNA-LNPs with antibodies (Abs) specific to vascular cell adhesion molecule, PECAM-1. Systemic (intravenous) administration of Ab/LNP-mRNAs resulted in profound inhibition of hepatic uptake concomitantly with~200-fold and 25-fold elevation of mRNA delivery and protein expression in the lungs compared to non-targeted counterparts. Unlike hepatic delivery of LNP-mRNA, Ab/LNP-mRNA is independent of apolipoprotein E. Vascular re-targeting of mRNA represents a promising, powerful, and unique approach for novel experimental and clinical interventions in organs of interest other than liver.
Introduction
Messenger RNA (mRNA)-based therapeutic approaches emerged as alternative treatment options in the fields of vaccination, protein replacement therapy, and cellular reprogramming [1, 2] . One of the most promising delivery platforms is nucleoside-modified and purified mRNA encapsulated in lipid nanoparticles (LNPs) [3] . Nucleoside modification and HPLC purification of the mRNA are important to increase protein production in vivo and eliminate inflammatory responses after administration [4, 5] . LNPs containing ionizable amino lipids are employed to pack mRNA and protect cargo en route to the site of action [6] . We and others have recently demonstrated that administration of antibody-encoding mRNA-LNPs resulted in high levels of functional antibodies that protected mice from infectious pathogens [7, 8] , and toxins [8] , as well as increased tumor clearance in murine models [8, 9] . In addition to potency, mRNA has several beneficial features over other therapeutic delivery platforms, such as the inability to integrate into the host genome, and transient and controllable translation in cells.
Organ and cell type-specific delivery of mRNA after systemic administration is a major challenge. Upon systemic delivery, mRNALNPs mainly target the liver due to their ability to bind apolipoprotein E (apoE) and target apoE receptors on the surface of hepatocytes [10] .
Coupling to the surface of nanocarriers affinity ligands, for example, antibodies to specific target molecules provides an alternative approach for targeted delivery. Affinity targeting may provide more precise control of distribution in an organ and destination in the target cells [11] . Endothelial cells lining the vascular lumen represent targets for pharmacological interventions in many cardiovascular, neurological, and pulmonary conditions [11] [12] [13] [14] . Endothelial targeting of diverse agents and carriers to the pulmonary, cerebrovascular, and other vascular areas has been achieved using antibodies and other affinity ligands that bind endothelial surface determinant CD31 (aka plateletendothelial cell adhesion molecule-1 (PECAM-1), among others [15] [16] [17] [18] [19] [20] . Here, we describe potent vascular targeting of nucleosidemodified and fast protein liquid chromatography (FPLC)-purified mRNA to the lungs using LNP-mRNA-coupled PECAM-1 antibodies in mice.
https://doi.org/10.1016/j.jconrel.2018. 10 .015 Received 18 August 2018; Received in revised form 8 October 2018; Accepted 12 October 2018 chased from Perkin-Elmer (Wellesley, MA). Whole molecule rat IgG was from ThermoFisher (Waltham, MA). Anti-mouse-PECAM-1/CD31 monoclonal antibody was obtained from BioLegend (San Diego, CA). Monoclonal antibodies to human PECAM-1 (anti-PECAM, Ab62) were kindly provided by Dr. Marian Nakada (Centocor) [21] . All chemical reagents were purchased from Sigma Aldrich, unless stated otherwise.
Cell culture
Human mesothelioma REN cells, either stably expressing human PECAM-1 (REN-PECAM) or not (REN wild type), have been previously described [22] [23] [24] [25] . REN cells were maintained in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin (Life Technologies, Carlsbad, CA). Maintenance media for REN-PECAM cells also contained Geneticin (G418) at 200 μg/mL, as a selection antibiotic.
Human umbilical vein endothelial cells (HUVECs), purchased at passage 1 from Lonza (Walkersville, MD) were subcultured up to six passages in endothelial basal medium (EBM) supplemented with EGMbulletkit (Lonza). Passages between 4 and 6 were used throughout the studies.
2.4. mRNA production and formulation into lipid nanoparticles mRNAs were produced, as described previously [26] , using T7 RNA polymerase (Megascript, Ambion) on linearized plasmids encoding codon-optimized firefly luciferase (pTEV-Luc2-A101) and eGFP (pTEVeGFP-A101). To make modified nucleoside-containing mRNA, m1Ψ-5′-triphosphate (TriLink) was incorporated instead of UTP. mRNAs were transcribed to contain 101 nucleotide-long poly(A) tails. They were capped using the m7G capping kit with 2′-O-methyltransferase (ScriptCap, CellScript) to obtain cap1. mRNA was purified by Fast Protein Liquid Chromatography (FPLC) (Akta Purifier, GE Healthcare) [27] . All prepared RNAs were analyzed by electrophoresis using denaturing or native agarose gels and stored at −20°C.
FPLC-purified m1Ψ-containing firefly luciferase and eGFP-encoding mRNAs were encapsulated in LNPs using a self-assembly process in which an aqueous solution of mRNA at pH = 4.0 is rapidly mixed with a solution of lipids dissolved in ethanol [28] . LNPs used in this study were similar in composition to those described previously [28, 29] , which contain an ionizable cationic lipid (proprietary to Acuitas)/ phosphatidylcholine/cholesterol/PEG-lipid (50:10:38.5:1.5 mol/mol) and were encapsulated at an RNA to total lipid ratio of~0.05 (wt/wt). They had a diameter of~80 nm as measured by dynamic light scattering using a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) instrument. mRNA-LNP formulations were stored at −80°C at a concentration of mRNA of~1 μg/μL. 
Preparation and characterization of targeted lipid nanoparticles
LNPs were conjugated with mAb specific for PECAM-1. Targeting antibodies or control isotype-matched IgG were conjugated to LNP particles via SATA-maleimide conjugation chemistry [30] . The LNP construct was modified with maleimide functioning groups (DSPE-PEGmal) by a post-insertion technique with minor modifications [31] . The antibody was functionalized with SATA (N-succinimidyl S-acetylthioacetate) (Sigma-Aldrich) to introduce sulfhydryl groups allowing conjugation to maleimide. SATA was deprotected using 0.5 M hydroxylamine followed by removal of the unreacted components by G-25 Sephadex Quick Spin Protein columns (Roche Applied Science, Indianapolis, IN). The reactive sulfhydryl group on the antibody was then conjugated to maleimide moieties using thioether conjugation chemistry. Purification was carried out using Sepharose CL-4B gel filtration columns (Sigma-Aldrich). mRNA content was calculated by performing a modified Quant-iT RiboGreen RNA assay (Invitrogen).
Size and surface charge of the mRNA containing lipid nanoparticles was determined using dynamic light scattering (DLS) and laser doppler velocimetry (LDV), respectively on a Malvern Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). For size measurements, LNPs were diluted in PBS pH 7.4 at 25°C in disposable capillary cuvettes. A non-invasive back scatter system (NIBS) with a scattering angle of 173°was used. Diameters of unconjugated and antibody-modified particles were interpreted as normalized intensity size distribution as well as z-average values for particle preparations. Zeta potential measurements were also carried out in PBS buffer using disposable folded capillary cells. To assess the stability of antibody-modified LNPs, the particles were incubated in a range of 0-1000 mM NaCl solution and their hydrodynamic diameters were measured on DLS.
Morphologic characterization was carried out on a JEOL1010 transmission electron microscope (TEM), as described [19] . Briefly, carbon-coated 200-mesh copper grids were placed on a drop of the sample for 2 min and washed with Milli-Q water. Negative staining was done using 2% uranyl acetate. The stain was then wicked off with a filter paper and the grids were dried and imaged at an acceleration voltage of 120 K.
In vitro cell binding assay with radiolabeled particles
LNPs were first radiolabeled with Na 125 I using Iodination Beads (Pierce). The reaction was performed for 15 min at room temperature. Unreacted materials were then removed by Quick Spin Protein Columns (G-25 Sephadex, Roche Applied Science, Indianapolis, IN) [19] . Anti PECAM-1 targeted LNP antibody conjugation was evaluated by incubation on REN-PECAM-1 cells, which stably express PECAM-1. Wildtype REN cells, a human mesothelial cell line that has no endogenous expression of PECAM-1, was tested in parallel to assess non-specific binding of particles. REN cells were incubated with increasing quantities of LNPs for one hour at room temperature. Incubation medium was then removed and cells were washed with PBS buffer three times to remove the unbound nanoparticles from the cell surface. The cells were lysed with 1% Triton X100 in 1 N NaOH and the cell-associated radioactivity was measured by a Wallac 1470 Wizard gamma counter (Gaithersburg, MD) and compared to total added activity.
In vitro cell transfection with reporter mRNA-loaded LNPs
REN cells were seeded in 48-well plates. After 18 h, LNPs carrying reporter firefly luciferase mRNA were added at increasing concentrations to the cells, and incubated for 1.5 h. Plates were then washed three times with PBS and complete medium was added to the cells. After culturing for 24 h in complete media, cells were washed with PBS, lysed in luciferase cell culture lysis reagent (Promega, Madison, WI) and the firefly luciferase enzymatic activity as luminescence (Luciferase assay system, Promega) was measured. Transfections were performed in triplicate. For fluorescence microscopy, REN cells or HUVECs were plated at 150,000 cells per well in 24-well plates. At~70% cell confluence, LNPs carrying eGFP mRNA were added to the media as 6 μg mRNA per well and cells were incubated for 18 h. The level of eGFP production was then evaluated by imaging the cells under an EVOS-FL imaging system (Thermofisher scientific, Waltham, MA).
Cell metabolic activity (MTS assay)
Cell metabolic activity (MTS assay) was performed on REN cells after incubating with LNPs. Cells were seeded at the same density as luciferase assay and were incubated with a relevant concentration range of particles for 4.5, 24, and 48 h. MTS reagent was added to the wells based on manufacturer's recommendation (MTS Assay Kit, abcam, Cambridge, MA), incubated for 2 h at 37°C and the absorbance was read at 490 nm.
Detection of expression of inflammation marker, endothelial vascular cell adhesion molecule (VCAM)
Cell lysates were first run on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 4-15% gradient gel (Mini-PROTEAN® TGXTM Gel, Bio-Rad, Hercules, CA). After gel transfer to PVDF membrane (Millipore, Billerica, MA), membrane was blocked with 3% nonfat dry milk in TBS-T (100 mM Tris, pH 7.5; 150 mM NaCl; 0.1% Tween 20) and was incubated with the corresponding antibodies. The blot was detected using ECL reagents (GE Healthcare, New York, NY, USA). 
Pharmacokinetics/biodistribution studies upon intravenous injection of radiolabeled LNP-mRNAs in mice
Radiolabeled LNP-mRNAs were administered by retro-orbital injection in C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME). Animals were sacrificed at 5, 15, 30, and 60 min post-injection and their blood was collected from the inferior vena cava. Organs (liver, spleen, lung, kidney, and heart) were harvested, rinsed with saline, blotted dry, and weighed. Tissue radioactivity in organs and 100-μL samples of blood was measured in a gamma counter (Wallac 1470 Wizard gamma counter, Gaithersburg, MD). Radioactivity values and weight of the samples were then used to calculate targeting parameters of nanoparticles, including tissue uptake as percent of injected dose per gram tissue (%ID/g), and localization ratio (LR) as organ-to-blood ratio. Immunospecificity index (ISI) was also calculated as the ratio of the LR of targeted particles to that of non-targeted (IgG) control. These parameters were employed to discuss biodistribution and effectiveness of antibody-targeted formulation uptake in desired tissue.
Functional activity -firefly luciferase transfection in vivo
Mice (The Jackson Laboratory, Bar Harbor, ME) were intravenously injected with unconjugated or antibody-conjugated LNP-mRNA formulations. At desired time points, animals were euthanized and all the vital organs were resected, washed with PBS, and stored at −80°C until analysis.
Organ samples were homogenized in 1 mL of cell lysis buffer (1×) (Promega Corp, Madison, WI) containing protease inhibitor cocktail (1×) and mixed gently at 4°C for one hour. The homogenates were then subjected to cycles of freeze/thaw in dry ice/37°C. The resulting cell lysate was centrifuged for 10 min at 16,000 g at 4°C. Luciferase activity was assayed in the supernatant using a Victor 3 1420 Multilabel Plate Counter (Perkin Elmer, Wellesley, MA).
Cytokine measurement
Mice (The Jackson Laboratory, Bar Harbor, ME) were intravenously injected with antibody-conjugated LNP-mRNA formulations as described above. At 4.5 h post-treatment, animals were euthanized and blood samples were collected in heparin and spun at 1500 ×g for 10 min at 4°C.
Livers were also collected and homogenized in 1 mL of PBS containing protease inhibitor cocktail (1×). Lysis buffer was added to the homogenates and mixed at 4°C for one hour. The cell lysate was centrifuged for 10 min at 16,000 g at 4°C. The levels of macrophage inflammatory protein 2 (MIP-2) cytokine in liver and Interleukin 6 (IL-6) in plasma were assessed by ELISA according to manufacturer's protocol (DuoSet ELISA kits, R and D systems, Minneapolis, MN).
Bioluminescence imaging
Bioluminescence imaging was performed as described previously [3] using an IVIS Spectrum imaging system (Caliper Life Sciences, Waltham, MA). Mice were administered an intraperitoneal injection of D-luciferin at a dose of 150 mg/kg. After 5 min, the mice were euthanized; organs were quickly harvested, and placed on the imaging platform. Organ luminescence was measured on the IVIS imaging system using an exposure time of 5 s or longer to ensure that the signal obtained was within operative detection range. Bioluminescence values were also quantified by measuring photon flux (photons/s) in the region of interest using LivingImage software provided by Caliper.
Flow cytometry
LNPs containing DIO-tagged lipids were conjugated to antibodies, as described above. 30 min after IV administration of antibody-modified fluorescent LNPs into mice, the lungs were perfused and harvested. Briefly, the lungs were first digested and cell suspensions were passed through 100 μm nylon strainer. To lyse RBCs, ACK lysis buffer (Quality Biological, Gaithersburg, MD) was used. Anti-CD31, anti-CD45, and anti-F4/80 were used for staining endothelial cells, leukocytes, and macrophages/monocytes, respectively. Flow cytometry was performed on Accuri C6 instrument (Becton Dickinson, San Jose, CA).
Statistical analysis
Unless specified otherwise, the data have been calculated and presented as mean ± standard error of mean (SEM). When comparing two groups, a Student's t-test was used assuming a Gaussian distribution with unequal variances. All probability values are two-sided, and values of p < 0.05 were deemed statistically significant. 
Results and discussion

Characterization of targeted LNP-mRNAs
Ab/LNP-mRNA complexes assembled as illustrated (Fig. 1A) have physicochemical properties generally similar to those of unconjugated LNP-mRNAs. Dynamic light scattering revealed a hydrodynamic diameter of 82.5 ± 1.8 nm with narrow size distribution (PDI = 0.062) for unconjugated LNP-mRNA. Upon coupling antibody to LNPs, the mean z-average of particles increased up to~100 nm (for example, 101.9 ± 0.7 nm and 103.3 ± 0.2 nm for IgG/LNP-mRNA and PECAM-1 Ab/LNP-mRNA, respectively, with PDI~0.2) (Fig. 1B and C) . Incubation of antibody-conjugated LNPs in a range of ionic strength solutions did not affect the particle size ( Supplementary Fig. 1 ) demonstrating robust stability of antibody-conjugated LNPs. Moreover, conjugation of IgG and antibodies did not affect the zeta-potential and morphology of the nanoparticles (Fig. 1C, D , and E). Transmission electron microscopic analyses of unconjugated (Fig. 1D) and PECAM-1-conjugated LNP-mRNAs (Fig. 1E) demonstrated maintenance of morphology.
There are~2 mRNAs per LNP. To evaluate antibody conjugation efficiency to LNPs, radiolabeled antibodies were monitored throughout conjugation steps. Quantified radioactivity of the conjugated antibody to LNPs, corresponded to~80 antibody molecules per particle.
Targeting to endothelial cells in vitro
CD31 (PECAM-1) is mainly expressed by the endothelium and is mostly localized on the endothelial intercellular junctions [32] . PECAM-targeted Ab/LNP-mRNA bound to REN cells transfected with human PECAM-1 (REN-PECAM [21] ), but not to wild type REN cells ( Fig. 2A) . This led to the PECAM-dependent expression of the reporter proteins firefly luciferase (Fig. 2B ) and enhanced green fluorescent protein (eGFP) (Fig. 2C and Supplementary Fig. 2 ) encoded by the mRNA. 
Targeting of mRNA-LNPs to vascular endothelium after systemic delivery in mice
Next, we studied tissue binding of LNP-mRNA formulations directly labeled with 125 I prior to antibody conjugation, by determining the percent of injected dose per gram of tissue (%ID/g) in mice after intravenous administration. Consistent with previous reports [3, 28] , unconjugated LNP-mRNAs accumulated mainly in the liver (Fig. 3A) and to a lesser extent in the spleen. Comparing with pristine LNP-mRNA, IgG/LNP-mRNA showed higher level in blood and spleen, which squares well with concomitant reduction of IgG/LNP-mRNA level in liver (Fig. 3A) . It is likely that elevation of blood level due to direct or/ and indirect inhibition of hepatic uptake by IgG coat allows IgG/LNPmRNA to accumulate in the organs and cells that otherwise are outcompeted by massive uptake in liver. On the other hand, since IgG/ LNP-mRNA has no affinity to the major target such as endothelium, there is no blood depletion unlike anti PECAM/LNP-mRNA that exerts prominent accumulation in the lungs. In accordance with the literature, PECAM-1 provided targeting for vascular delivery to the lungs [19, 33, 34] . Pulmonary uptake of PECAM-1 targeted Ab/LNP-mRNA reached 105.03 ± 3.5% ID/g (Fig. 3A) , providing a 16-fold increase compared to IgG/LNP-mRNA. To compare Ab/LNP-mRNA with IgG/LNP-mRNA, we calculated an immunospecificity index (ISI, the ratio of the %ID/g of these formulations in a given organ, normalized to blood level). According to this index, comparing these two nearly identical formulations, targeting affords 200-fold enhancement of delivery to the pulmonary vasculature (Fig. 3B) .
Kinetic studies revealed that 125 I-labeled unconjugated LNP-mRNA was quickly cleared from blood, reflecting uptake in liver and spleen (Fig. 3E ). Blood clearance of PECAM-Ab/LNP-mRNA was even more expeditious, but reflected mostly pulmonary uptake (Fig. 3C) . Specific lung uptake of PECAM-Ab/LNP-mRNA was rapid and sustained through the last time point studied (60 min post-injection) (Fig. 3C) .
To assess the cellular distribution of PECAM-1 targeted LNPs in vivo, DIO-labeled LNPs were conjugated to anti-PECAM-1 and injected i.v. in mice. Flow cytometry was then performed on the cell suspension obtained from lung homogenates. Cells were co-stained with antibodies against CD31, an endothelial cell marker; CD45, a leukocyte marker; and F4/80 a monocyte/macrophage marker. Only a small percentage (4%) of total cells recovered from the lung were stained positive for CD31 (Fig. 4A) . However, 100% of the recovered endothelial cell 
In vitro and in vivo toxicity/inflammatory studies
To evaluate the effect of unconjugated and Ab/conjugated LNPs on cellular metabolic activity, MTS assays were performed on REN cells upon LNP treatment. As shown in Fig. 5A 1-3 , incubation of cells with LNPs for up to 48 h did not lower the viability of cells below 90% for any of the constructs at tested concentrations.
Pro-inflammatory conditions can induce the expression of leukocyte adhesion molecules such as VCAM-1 and ICAM-1 [35, 36] . To assess if LNP-mRNA treatment might induce pro-inflammatory markers, we analyzed VCAM expression on HUVECs after incubation with LNPs. Cell lysates from HUVECs were collected 4.5 h after LNP incubation. The expression of VCAM was analyzed by western blot (Fig. 5B) . LNP-mRNA treatment did not induce VCAM expression, while the positive control (LPS, 0.5 μg/mL) showed strong VCAM expression.
To determine if LNP-mRNA treatment might affect pro-inflammatory cytokine profile in vivo, we collected plasma and liver tissues from mice 4.5 h after i.v. administration of LNP-mRNA (8 μg/ mouse). Plasma or liver tissue from mice challenged with intravenous LPS (2 mg/kg) was used as a positive control. IL-6 in plasma and MIP-2 in liver did not elevate upon LNP-mRNA treatment in vivo (Fig. 5C) , when compared to untreated mice.
Tissue transfection pattern after i.v. administration of targeted LNPmRNA
Protein expression with mRNA delivery is expected to peak around 4-5 h after i.v. injection [3] . Therefore, 4.5 h following injection, we used bioluminescence and luciferase assay to investigate the biodistribution and levels of protein expression from the delivered mRNA. Retro-orbital injection of 8 μg (0.32 mg/kg) of unconjugated LNPmRNA led to firefly luciferase expression mainly in liver and at lower level in spleen ( Fig. 6A and B) . PECAM-targeted Ab/LNP-mRNA, but not IgG/LNP-mRNA showed profound and specific protein expression in the lung concomitant with reduced hepatic expression, providing añ 25 fold elevation of the reporter protein signal in the lungs compared to untargeted counterparts ( Fig. 6A and C) . The lung/liver ratio for Ab/ LNP-mRNA increased~200 and 50-fold compared to unconjugated LNP-mRNA and IgG/LNP-mRNA, respectively (Fig. 6D) . Dose escalation studies demonstrated that within the range of injected doses, expression of the signal does not reach saturation (Fig. 6E ). This aligns well with the known high level of surface expression of PECAM in endothelial cells [32, 37, 38] . We further characterized the time course of mRNA translation using luciferase mRNA containing LNPs. Four time points, 1, 4.5, 24, and 96 h post-injection were chosen, based on previous studies [3] . It is notable that all three formulations, unconjugated-, IgG-, and anti-PECAM/LNPmRNAs reached their maximal expression after 4.5 h and declined slowly in the next 24 h (Fig. 7). 3.6. Ab/LNP-mRNA targeting is independent of the apoE pathway(s) involved in hepatic delivery of untargeted LNP-mRNA Interaction with various compounds in blood modulates the behavior of nanocarriers [39] . For example, apolipoprotein E (apoE) mediates hepatic uptake of LNP-mRNA [10] . Here, we demonstrated in apoE −/− mice that affinity moieties like anti-PECAM could maintain targeting to desired tissues, lung, in the absence of apoE. Indeed, the hepatic luminescence signal measured after firefly luciferase mRNA-LNP delivery, was an order of magnitude lower in Apo-E −/− mice compared to wild type animals ( Fig. 8) . Similarly, lower signal intensities were observed in other organs (Supplementary table 1) . One potential explanation for the observation that apo E KO inhibits hepatic uptake without redistribution to other organs is that LNPs apparently have no or little affinity to other organs. For this reason, clearance mechanisms outcompete inefficient distribution of LNPs from blood to the organs in apoE KO mice. In sharp contrast, anti-PECAM/LNPs that have affinity to endothelium, do accumulate in the lungs of KO mice.
No significantly reduced firefly luciferase activity in the lungs of apo-E −/− mice was observed after PECAM-1 targeted Ab/LNP-mRNA delivery compared to wild-type animals (Fig. 8) . This further highlights the significance of targeting moieties in mitigating the influence of endogenous serum components like apoE from averting the transfection from desired tissue to liver.
Conclusion
Systemic mRNA delivery using antibody-coupled nucleoside-modified mRNA-LNPs provides highly effective vascular immunotargeting to target organs other than the liver in mice. Our targeted delivery platform was designed with one of the most efficient LNP-mRNA systems developed, thus far, that uses modified nucleosides to decrease innate immune activation and increase protein translation from mRNA in vivo [4, 7, 40] . Specific, rapid, and transient protein expression from firefly luciferase-encoding mRNA was measurable in the lungs at a time window of 4-24 h, with limited off-target biodistribution. Flow cytometry analysis showed efficient uptake in endothelial cells. Notably, we demonstrated that antibody-targeted LNP-mRNAs is independent of the apo-E mediated uptake pathway(s). These studies provide the basis for development of targeted delivery systems for mRNA therapeutics in pulmonary conditions, including acute lung injury, pulmonary hypertension, and beyond. Taking into consideration the diversity and extension of endothelial phenotypes in the vascular system, and the pivotal roles played by these cells under physiologic and pathologic conditions, we believe that targeting strategies for vascular delivery of mRNA will find widespread medical utility.
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